Niemann-Pick C1 (NPC1) and NPC2 proteins are indispensable for the export of LDL-derived cholesterol from late endosomes. Mutations in these proteins result in Niemann-Pick type C disease, a lysosomal storage disease. Despite recent reports of the NPC1 structure depicting its overall architecture, the function of its C-terminal luminal domain (CTD) remains poorly understood even though 45% of NPC disease-causing mutations are in this domain. Here, we report a crystal structure at 3.3 Å resolution of NPC1* (residues 314-1,278), which-in contrast to previous lower resolution structures-features the entire CTD well resolved. Notably, all eight cysteines of the CTD form four disulfide bonds, one of which (C909-C914) enforces a specific loop that in turn mediates an interaction with a loop of the N-terminal domain (NTD). Importantly, this loop and its interaction with the NTD were not observed in any previous structures due to the lower resolution. Our mutagenesis experiments highlight the physiological relevance of the CTD-NTD interaction, which might function to keep the NTD in the proper orientation for receiving cholesterol from NPC2. Additionally, this structure allows us to more precisely map all of the disease-causing mutations, allowing future molecular insights into the pathogenesis of NPC disease.
C
holesterol is essential for the growth and viability of mammalian cells and serves as the precursor for steroid hormones, bile acids, and vitamin D. Cholesterol molecules, free and esterified, are packaged in liver or intestinal cells via a few specific proteins into lipoprotein particles, each of which contains a mixture of hundreds of free and esterified cholesterol and other lipid molecules. After secretion of lipoprotein particles at the basolateral membrane and their entry into the vasculature, they are then available to all other cells in the body via endocytotic uptake using specific lipoprotein receptors (1) ; once in the late endosomes, lipoprotein particles are disassembled and esterified cholesterol molecules are converted into free cholesterol by acid lipase (2) . Because cholesterol is almost water-insoluble, efficient transport within the aqueous environment of the endosomal lumen to the endosomal membrane, followed by its unidirectional translocation across the hydrophobic bilayer of the endosomal membrane, is mediated by protein. Two proteins, the soluble NPC2 (NiemannPick type C protein 2) (3) and the integral membrane NPC1 (4), are required for cholesterol transport across the 8-nm glycocalyx (5) and for cholesterol exit from the endosomal membrane. Insight into the function of these two proteins comes from NPC disease, a fatal lysosomal storage disease, due to accumulation of cholesterol and other lipids in lysosomes within many organs (6) . Besides its function in LDL-derived cholesterol export, NPC1 has also been identified as a receptor for Ebola virus in late endosomes (7, 8) .
Human NPC1, consisting of 1,278 amino acid residues, includes three luminal domains [N-terminal domain (NTD), middle luminal domain (MLD), C-terminal domain (CTD, also called cysteine-rich domain)] and 13 transmembrane helices (TMs) (9) . The TM3-7 segment, termed sterol-sensing domain (SSD), is highly conserved within a subclass of membrane proteins in the cholesterol metabolism pathway (10, 11) . Biochemical and cell biological studies showed that small molecules such as U18666A and posaconazole can block cholesterol export from lysosomes and that a point mutation (P691S) in the NPC1-SSD can prevent binding of these ligands (12) (13) (14) (15) (16) . Additionally, binding of some of these ligands is retained even after deletion of the NTD (13, 15) , which contains a classical cholesterol-binding site (17, 18) , suggesting that NPC1-SSD itself is able to bind multiple ligands of distinct structures.
Structural insights into NPC1 function have been reported by several groups since 2009: (i) An isolated N-terminal fragment of NPC1 presenting the NTD harbors a cholesterol molecule consistent with previous biochemical observations (19) ; (ii) a complex of the MLD and Ebola glycoprotein defines the site of Ebola virus attachment (20) ; (iii) a near-atomic X-ray structure of NPC1 (residues 314-1,278, termed NPC1*) shows that the SSD may indeed accommodate a cholesterol molecule (21) ; (iv) a cryo-EM
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Data deposition: The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.pdb.org (PDB ID code 5U74). 1 X.L., F.L., and M.N.T. contributed equally to this work. 2 To whom correspondence may be addressed. Email: xli05@rockefeller.edu or blobel@ rockefeller.edu. structure of NPC1 at 4.4 Å presents the overall architecture of the full-length molecule (22) ; and (v) a complex of NPC1-MLD and NPC2 suggests a molecular mechanism of cholesterol transfer from NPC2 to the NTD of NPC1 (23) . However, due to low resolution, our understanding of the structural details and function of the NPC1-CTD remain rudimentary. Intriguingly, almost half of the NPC disease-causing mutations are distributed in the CTD (9) .
In this study, we present the crystal structure of NPC1* at 3.3 Å resolution (Fig. 1A) , with the entire CTD domain clearly defined with unambiguous sequence assignment. By docking this structure into the full-length cryo-EM NPC1 structure, it reveals a detailed interface between the CTD and NTD. Disruption by mutagenesis of this interface blocks cholesterol transfer from the late endosome to ER.
Results
We expressed and purified the NPC1* (residues 314-1,278) as previously published (21) . A previous photo-crosslinking study showed itraconazole binds to NPC1 in vitro (15) . To stabilize the protein during the purification process, we supplemented each buffer with 10 μM itraconazole except for the initial buffer for resuspending cells. The protein after gel filtration was concentrated to 10 mg/mL and incubated with an additional 100 μM itraconazole on ice for 1 h before crystallization.
Crystals significantly larger than those grown without itraconazole appeared after 3 d. We determined the structure of the NPC1* molecule at a resolution of 3.3 Å (Fig. 1B) by molecular replacement using the previously determined NPC1* structure as an initial search model. Although the electron density of itraconazole is not observed in the electron density map, the quality of the whole map has been considerably improved and the entire CTD is well resolved and completely built. After several rounds of refinement, the final R free and R work reached 30.5% and 25.3%, respectively ( Fig. S1 and Table S1 ). Using this improved model, our previously published 3.6 Å resolution structure has been rerefined with current R free 23.5% and R work 21.4% and has been updated in the Protein Data Bank (PDB ID code 5U73).
The amino acid sequence of residues 334-1,255, including TM2-13, the MLD, and the CTD, could be unequivocally assigned. Only the loop between TM3 and TM4 containing residues 642-649 and the loop between TM7 and TM8 containing residues 800-813 are disordered. Compared with the previously reported X-ray NPC1* and cryo-EM NPC1 structures, this model is almost complete and significantly more accurate, providing a much improved atomic snapshot of this protein.
The CTD (residues 861-1,083) consists of three β strands surrounded by five α-helices ( Fig. 1 C and D) . As suggested by its other name, "cysteine-rich domain" (24) , the CTD contains eight cysteines. All cysteine residues form four pairs of disulfide bonds to stabilize the loops on the tip of this domain ( Fig. 1 C and D) . In contrast, the MLD only contains two pairs of disulfide bonds, although it shares a similar fold with the CTD (Fig. S2A) . Interestingly, Cys909 and Cys914 form a disulfide bond creating a loop (residue 909-917, termed "Ω loop"), which helps to break one long α-helix into two shorter α-helices (α2a and α2b) ( Fig. 1 C and D) and is not observed in the analogous α-helix of the MLD (Fig. S2B) .
To determine the function of this special Ω loop, we docked the NPC1* structure into the full-length cryo-EM NPC1 map ( Fig.  2A) . In our docking results, the majority of the TMs and MLD from NPC1* can be aligned well with the cryo-EM NPC1 structure ( Fig. S3 ) with an rmsd of 2.0 Å (over 538 residues), which allows us to confidently analyze the interactions between the NTD and CTD. Τhe Ω loop also can be observed in the cryo-EM map, but due to the limited resolution, this loop had been omitted in the cryo-EM structure (PDB ID code 3JD8) ( , suggesting that the CTD may modulate the NTD in a more pronounced manner than the MLD. Fig. 2B shows the details of the interaction between the CTD and the NTD. The Ω loop, containing three glycines (G910, G911, G913) and a methionine (M912), features a hydrophobic environment prone for association with V234, T235, and A236 in the adjacent loop from the NTD (residues 227-238, termed "Ψ loop") (Fig. 2B) . The main chain of G911 and G913 can form a hydrogen bond to satisfy the constraints of the disulfide bond in the Ω loop. Notably, two pairs of disulfide bonds (C97-C238 and C227-C243) also fix the Ψ loop. The compact loop-loop interface is enabled by the triple glycines of the Ω loop, generating an interface without spatial clashes.
In addition to the loop-loop interaction, we identify a secondary interface between the NTD and the CTD. In this interface, the side chain of E233 interacts with the side chain of Q988, and the amide group of Q60 forms a hydrogen bond with the main chain of L982 (Fig. 2B) . Furthermore, L929 and Y932 may form hydrophobic contacts with the proline-rich region to connect the NTD and TM1 (Fig. 2B) . Because the proline-rich region cannot be confidently built due to the limited resolution of the cryo-EM map in this region, we do not further discuss this region in the current paper.
In our previous study, we proposed an NTD-SSD insertion mechanism to explain how cholesterol is transferred from the lysosomal lumen to the membrane domain (21, 23) . In light of the structure, we suspect that the Ω loop-Ψ loop interaction might modulate the NTD-SSD insertion to facilitate cholesterol transport. To test this hypothesis, we generated two constructs: one termed NPC1ΔΩ-A, with residues 909-917 replaced by one alanine residue, allowing α2a and α2b to form one continuous alphahelix (Fig. S5) , and the other termed NPC1ΔΨ, with a deletion of residues 230-234. We then performed a cholesterol esterification assay by transfecting wild-type NPC1 (termed NPC1-WT), NPC1-P691S, NPC1ΔΩ-A, or NPC1ΔΨ individually to NPC1 −/− 10-3 cells according to a previously published protocol (14) . NPC1ΔΩ-A and NPC1ΔΨ are expressed well and correctly localized to lysosomes like NPC1-WT and NPC1-P691S (Fig. 3A) . It is essential to establish the localization of the mutants, as many NPC1 mutations lead to misfolding and ER-associated degradation (25, 26) . Although correctly localized, NPC1ΔΩ-A blocks cholesterol transport out of late endosomes, as does the NPC1-P691S mutant; NPC1ΔΨ loses 50% activity compared with NPC1-WT (Fig. 3B) . This result supports our hypothesis that the Ω loop-Ψ loop interaction is physiologically important for the NPC1-mediated cholesterol export process.
Our structure provides an improved atomic model for an understanding of NPC-causing mutations. The most frequent mutation, I1061T, present in 15-20% of all disease alleles (27, 28) , is in the α5 helix of the CTD (Fig. 4A) . This mutation does lead to protein mislocalization and degradation due to misfolding (25) . Our structural analysis suggests that I1061T would not disrupt the interaction between the α5 and α2b (Fig. 4A) , which could explain why overexpression of NPC1-I1061T in NPC1 −/− cells still retains late endosome localization and rescues the NPC1-deficient phenotype (25) . In addition, previous crosslinking studies showed that mutation P691S in human, or P692S in mouse, abolishes binding of different ligands to the SSD (12, (14) (15) (16) . In our structure, P691 is located in the TM5 helix and faces the SSD pocket that accommodates cholesterol or other small molecules (Fig. 4B) . ). The immunoblot analysis of whole cell extracts (6 μg) from the indicated transfection shown below was done using 0.5 μg/mL NPC1 antibody and 2 μg/mL NPC2 antibody as a loading control.
Discussion
NPC disease is associated with mutations either in the NPC1 (95% of families) or the NPC2 gene. The improved resolution of the structure in this study allows us to map all of the reported NPCcausing mutations, which distribute broadly over the NPC1 protein (Fig. 5 ). In the transmembrane domain, the mutations only locate to the TMs but not the loops that connect the TMs. Notably, there is no mutation identified on the NPC2 or Ebola glycoprotein interacting site of the MLD (Fig. 5) . It is possible that such mutations are lethal for embryonic development so that they will not be identified in patients. Among the three luminal domains, the CTD carries most disease-causing mutations, many of which result in protein misfolding and degradation in the ER (9) . This abundance of mutations in the CTD may be explained by the decreased stability of this domain, as the CTD may require more disulfide bonds than the MLD and the NTD for proper folding (Fig. S2) .
Our previous and current structural observations support the "hydrophobic hand-off" cholesterol transfer model (Fig. 6) . In brief, binding of cholesterol in the endosomal lumen to NPC2 induces conformational changes that facilitate its interaction with the NPC1-MLD (23). The NTD, unlike the MLD and CTD, is not buried in the ∼8 nm-thick glycocalyx, and its orientation is crucial to NPC2 for delivering cholesterol into the lysosomal lumen. Because the Ω loop-Ψ loop interaction is the major contributor to the NTD-CTD interface and larger than any other interface between the NTD and the MLD, we suggest that without the Ω loop, the NTD may not be in the favorable position to receive cholesterol from NPC2. A cholesterol esterification assay, showing that NPC1 without the Ω loop or the Ψ loop can prevent cholesterol transport out of the late endosomes, supports this hypothesis. Alternatively, or in addition, the regulation of the NTD could be affected by Lamp (lysosomalassociated membrane protein) proteins (29) . After cholesterol is slipped from NPC2 to the NPC1-NTD, NPC2 changes its conformation to disassociate from the MLD-binding site (23) , and the Ω loop-Ψ loop interaction might be weakened to allow the NTD to reach across the glycocalyx for delivering cholesterol to the SSD pocket in the membrane. How the NTD delivers cholesterol to the SSD in the glycocalyx is still a mystery. We suggest two possibilities for this step (Fig. 6) . One is an intramolecular NPC1 transfer, whereby the long linker between TM1 and TM2, which is disordered in the full-length cryo-EM structure, might induce movement of TM1 to allow docking between the NTD and SSD pocket. Another is an intermolecular transfer, whereby the NTD of one NPC1 molecule could dock to an SSD pocket of a neighboring NPC1.
The functions of the NTD and the MLD have been well established by previous studies (18, 30, 31) . Our higher resolution data revealed several hitherto unknown contacts between the CTD and NTD domains of NPC1 and allowed an atomic model for mapping NPC-causing mutations.
Experimental Procedures
Protein Expression and Purification. Human NPC1 protein was expressed and purified as previously described (21) . Briefly, the cells were disrupted by sonication in buffer A, containing 20 mM Hepes, pH 7.0, 150 mM NaCl, 1 mM PMSF, and 5 μg/mL each of leupeptin and aprotinin. After low-speed centrifugation, the resulting supernatant was incubated in buffer A with 1% (wt/vol) nDodecyl-β-D-malto-pyranoside (Anatrace) and 100 μM itraconazole (SigmaAldrich) for 2 h at 4°C. The lysate was centrifuged again, and the supernatant was loaded onto a Ni 2+ -NTA affinity column (Qiagen). After washing twice with 20 mM Hepes, pH 7.0, 150 mM NaCl, 50 mM imidazole, 0.02% n-Dodecyl-β-D-maltopyranoside, and 10 μM itraconazole, the protein was eluted in 20 mM Hepes, pH 7.0, 150 mM NaCl, 300 mM imidazole, 0.02% n-Dodecyl-β-D-maltopyranoside, and 10 μM itraconazole and concentrated. The concentrated protein was incubated with 10 μg/mL proteinase K (Sigma-Aldrich) at room temperature for 15 min and purified by Superdex-200 size-exclusion chromatography (GE Healthcare) in a buffer containing 20 mM MES, pH 5.5, 150 mM NaCl, 0.06% (wt/vol) Cymal-6 (Anatrace), and 10 μM itraconazole. The peak fractions were collected and concentrated to 10 mg/mL for crystallization.
Crystallization. Crystals were grown at 20°C by the hanging-drop vapordiffusion method. Before crystallization, protein was incubated with 100 μM itraconazole on ice for 1 h.
After optimization, crystals in the C2221 space group appeared in 3 d in well buffer containing 0.1 M sodium acetate, pH 5.5, 0.1 M NaCl, 10% (vol/vol) PEG4000, 6% (vol/vol) Jeffamine M-600, pH 7.0, and 6% (vol/vol) PEG P400. The crystals in space group C222 1 processed using XDS from the NECAT RAPD website (https://rapd.nec.aps.anl. gov/rapd/). The structure was solved by molecular replacement using Phaser from the CCP4 program suite (Collaborative Computational Project) with the previously reported NPC1 structure (PDB ID code 5I31) as search models. The initial model was built in Coot (32) (35) .
Medium A is a 1:1 mixture of Ham's F-12 medium and DMEM containing 2.5 mM L-glutamine. Medium B is L-glutamine-free DMEM. All media contained 100 U/mL penicillin and 100 μg/mL streptomycin sulfate, unless noted otherwise in the figure legends.
On day 0, NPC1 −/− 10-3 cells were set up in medium A with 5% FCS at 2.5 × 10 5 cells per 60-mm dish. On day 1, monolayers were washed once with Dulbecco's PBS, switched to fresh medium A with 5% lipoprotein-deficient serum (LPDS), and then transfected with 2 μg DNA per dish with the indicated plasmids as described above. After incubation for 24 h, cells were washed once with PBS and switched to medium A with 5% LPDS containing 50 μM sodium compactin and 50 μM sodium mevalonate. On day 3, the cells received fresh medium B containing compactin and mevalonate in the presence of either 5% LPDS or 5% FCS as indicated. After incubation for 4 h at 37°C, each cell monolayer was pulse-labeled for 2 h with 0.1 mM sodium [ Western Blot Analysis. To verify the amount of NPC1 protein transfected into cells, Western blot analysis was performed. Cell lysates were subjected to electrophoresis in Bolt 4-12% Bis-Tris Plus gradient gels, after which the proteins were transferred to nitrocellulose filters. The filters were incubated at 4°C overnight with either 0.5 μg/mL rabbit monoclonal IgG against amino acids 1,261-1,278 of human NPC1 (cat. no. 134113; Abcam) or 2 μg/mL mouse monoclonal IgG-13G4 against NPC2 (36) . Bound antibodies were visualized by chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate; Thermo Scientific) after a 1 h incubation with a 1:5,000 dilution of either donkey anti-mouse or goat anti-rabbit IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch). The images were scanned using an Odyssey FC Imager (Dual-Mode Imaging System; 2-min integration time) and analyzed using Image Studio ver. 5.0 (LI-COR).
Transfections and Confocal Microscopy. On day 0, 10-3 cells were plated on glass coverslips in a 1:1 mixture of Ham's F-12 medium and DMEM containing 2.5 mM L-glutamine with 5% FCS (Medium A) at 1.5 × 105 cells per 35 mm well in a sixwell plate. On day 1, cells were transfected with 1 μg plasmid DNA per well using FuGENE HD (Promega) with one of the following plasmids: pCDNA3.1 empty vector, pCMV-NPC1-Flag-TEV-StrepTactin, pCMV-NPC1(P691S)-Flag-TEVStrepTactin, or pCMV-NPC1(C909A, Δ910-917)-Flag-TEV-StrepTactin (ΔΩ-A). On day 2, cells were fixed in 3.7% formaldehyde in PBS for 15 min at room temperature and permeabilized in methanol for 10 min at −20°C. After blocking with 1 mg/mL BSA in PBS, coverslips were incubated with 1 μg/mL rabbit monoclonal anti-FLAG IgG (Sigma) and 1 μg/mL mouse monoclonal anti-LAMP-2 IgG (clone H4B4; BD Pharmingen) followed by 6.7 μg/mL AlexaFluor 488-conjugated goat anti-rabbit and 6.7 μg/mL AlexaFluor 594-conjugated goat anti-mouse secondary antibodies (Invitrogen). Coverslips were mounted in Mowiol (EMD) solution (37) , and fluorescence images were acquired using a Plan-Neofluar 40×/1.3 DIC objective (Zeiss), on an Axiovert 200 M microscope (Zeiss), using an Orca 285 camera (Hamamatsu) and the Openlab 4.0.2 software.
